Abstract. Here we test the predictions of the theory of the origin of the universe from the landscape multiverse, against the 2015 Planck data, for the case of the Hilltop class of inflationary models, for p = 4 and p = 6. By considering the quantum entanglement correction of the multiverse, we can place a lower limit on the local 'SUSY breaking' scale, respectively b > 8.7 × 10 6 GeV at 95% c.l. and b > 1.3 × 10 8 GeV at 95% c.l. from Planck TT+lowP. We find that the series of anomalies predicted by the quantum landscape multiverse for the allowed range of b, is consistent with Planck's tests of the anomalies. In addition, the friction between the two cosmological probes of the Hubble parameter and with the weak lensing experiments goes away for a particular subset, the p = 6 case of hilltop models.
Introduction
The final Planck likelihood for the data analysis will be released soon. So far, the existence of an intriguing series of anomalies in the CMB has been strongly evidenced by the 2015 Planck collaboration data [1, 2] and recently confirmed by the new 2018 data [3, 4] . The observed anomalies are consistent with the prediction made in 2005 [5] , and more recently in [6] [7] [8] , of the theory of the origin of the universe from the quantum landscape [9, 10] multiverse. As we await the final Planck collaboration likelihood release, we complete our investigation of the status of the quantum landscape predictions against data, for a class of concave potential, the hilltop models [11, 12] .
Hilltop models were investigating in detail in a series of papers in [11, 12] . They belong to the class of concave shaped inflationary models, meaning the curvature of their potential V < 0. These types of potentials are favored by Planck collaboration data [1, 4] since they produce a low tensor-to-scalar perturbations ratio r. Corrections to the gravitational potential in the universe, which in the theory of the quantum landscape multiverse, arise from our entanglement with all other structures in the multiverse and give rise to a series of anomalies in the CMB, were derived in [6] [7] [8] and analyzed for some concave inflationary models. In this paper we derive and analyze these corrections against data in the context of hilltop models.
The paper is organized as follows: in the next Section we present the Hilltop model, and the corrections introduced by the entanglement in the quantum landscape multiverse to the slow rolling inflaton field and to the inflaton potential, showing as anomalies in the CMB spectrum. In Section 3 we present the method we used for analyzing the model with the data. We provide the results and the likelihood plots in Section 4 for p = 4 and Section 5 for p = 6. We conclude in Section 6. are given by = V (φ) ) 2 1, and, η = Abs[
1, where the unmodified potential V (φ) is of the form: , λ hill 1 are small parameters in order for slow roll to hold. In this paper, we will focus in p = 4 or p = 6 models.
From the Friedman equation we have the Hubble expansion parameter
Calculating the total number of efolds N and the power spectrum P [k] from here is well defined and straightforward.
In the presence of corrections, originating from quantum entanglement in the theory of the quantum landscape multiverse, which were derived in [6] for concave potentials [7] , the inflaton potential V (φ) is modified to
where m 2 = Abs[V ], and, F [b, V (φ)] is the scale dependent correction term from entanglement derived in [6] for concave potentials, with b the landscape parameter indicating the energy scale of the local vacuum.
The energy correction term f [b, V ] in the effective potential, Eq. 2.3 is
The parameter b is a landscape parameter describing SUSY breaking scale in each vacua, therefore it varies from vacua to vacua. All the entanglement information is contained in F [b, V ], which was calculated from entanglement initially [5] and then in [6] . It is given by
Einstein equations get modified accordingly since the inflaton potential V is now replaced by V ef f . This means the Friedmann equation for concave potentials like the Starobinsky [7] or the hilltop models, becomes
Power spectrum, field solution, tensor and scalar index, now calculated from the modified potential which includes thes correction term V ef f , are modified accordingly. The derivative of the effective potential is
where
The mass of the inflaton field is now obtained from the second derivative of the effective potential
The unmodified field solution for the hilltop potential is given by integrating
It gives
where φ i,0 is the initial field value at the onset of slow roll. We take it here to be φ i,0 = M P √ c hill and x = 12λ hill 2c hill (1−c hill ) . In the presence of modifications, the potential is replaced by V ef f , therefore the modified field solution obtained by
satisfies the equation
which we integrate to obtain the modified field solution. Again, in the latter we used dφ/dt = Hdφ/dlnk to have a k−dependent field equation 2.13. Note that the correction term originating from quantum entanglement contained in the complicated expression for
, is nonlocal and k−dependent. Since it is a derived quantity, not a phenomenological one, its expression leaves no room for tweaking or changing it. Therefore the series of anomalies induces in the CMB spectrum, we discuss in the next sections below, originating from this term, are also scale dependent and robust predictions (meaning we can not change them to fit the data).
Since we require that slow roll holds even with correction terms, then we can approximate the integral in Eq.2.14 as:
The equation 2.14 gives us the field as a function of k, or equivalently the number of efolds dN , since it allows us to also integrate dN from start to end of slow roll to get the number of efolds N star .
For the hilltop potential of Eqn.2.1, following the above derivation, results in this modified inflaton field solution
Here the fiducial mode is k = 0.002 and the "tilde" quantities, are modified quantities of their corresponding unmodified quantities. For example, we have:
Note that the correction to the field solution contains
We can now put everything together to calculate the power spectrum and tensor to scalar ratio. The expression below for the power spectrum uses the reduced Planck mass M = 2.435 × 10 18 GeV /c 2 instead of Planck mass M p , thus the change in notation from M p to M 1 . The modified power spectrum P ζ (k), related to its unmodified spectrum P 0 (k) is
In our notation, unmodified fields and spectra are denoted by 0 , eg φ 0 , r 0 , P 0 and are evaluated with respect to unmodified field. All modified quantites φ, r, P etc., denoted without the 0 , are evaluated with respect to the modified field φ, and not φ 0 .
The modified tensor to scalar ratio is
Using V and V ef f which we calculated above, we have approximately:
We can also calculate
where the 0 notation means unmodified field and power spectrum and scalar tensor.
With these expressions, we are now ready to check the status of the modified hilltop models against data, for the cases p = 4 and p = 6: in order to scrutinize the predictions of anomalies from the quantum landscape multiverse; and, check whether the allowed range of the landscape vacuum energy from which our universe inflated, given by the parameter b that controlls the corrections in V ef f , still satisfies the slow roll conditions. 
Analysis Method
We will explore the modified Hilltop model by considering the 4 standard cosmological parameters of the ΛCDM model and 4 inflationary parameters. These are, respectively, the baryon energy density Ω b h 2 ; the cold dark matter energy density Ω c h 2 ; the reionization optical depth τ ; the ratio between the sound horizon and the angular diameter distance at decoupling Θ s ; the logarithm of the SUSY-breaking scale associated with the landscape effects log(b[GeV ]); the energy scale of the inflation 10 12 V 0 /M 4 , 10 11 λ hill and c hill . Furthermore, we will also consider a couple of extensions to this baseline model, by adding one more parameter per time, namely the effective number of relativistic degrees of freedom N eff and the dark energy equation of state w. All the parameters are explored within the range of the conservative flat priors reported in Table 1 , for p = 4 and p = 6.
We show the manner in which the SUSY-breaking scale b affects the CMB temperature, polarization and matter power spectra, respectively in Figs. 1, 2 and 3: the effect on the power spectra, when increasing the value of b, is an overall decreasing of all the peaks.
We constrained the parameters listed before by considering the following cosmological probes. Firstly, we analyzed the "Planck TT + lowP" data, i.e. the full range of the 2015 temperature power spectrum (2 ≤ ≤ 2500) combined with the low-polarization power spectra in the multipoles range 2 ≤ ≤ 29 provided by the Planck collaboration [13] . Secondly, we included the high multipoles Planck polarization data [13] , in the range 30 ≤ ≤ 2500, and we called this combination "Planck TTTEEE + lowP". Then, we replaced the low-data in the multipoles range 2 ≤ ≤ 29 with a gaussian prior on the reionization optical depth τ = 0.055 ± 0.009, as obtained from Planck HFI measurements [14] , and we called this prior "tau055". Finally, we added the baryon acoustic oscillation data from 6dFGS [15] , SDSS-MGS [16] , BOSSLOWZ [17] and CMASS-DR11 [17] surveys as was done in [18] , and we referred to this dataset as "BAO".
In order to analyze statistically these data exploring the modified Hilltop model for the entanglement, we have used the publicly available Monte-Carlo Markov Chain package cosmomc [19] , with a convergence diagnostic based on the Gelman and Rubin statistic, where we modified the CAMB code [20] , to include the primordial power spectrum of our model. It implements an efficient sampling of the posterior distribution using the fast/slow parameter decorrelations [21] , and it includes the support for the Planck data release 2015 Likelihood Code [13] (see http://cosmologist.info/cosmomc/).
Results p = 4
The result of all the explorations are given in Tables 2, 3 and 4, where we report the constraints at 95% c.l. on the cosmological parameters. All the bounds that we will quote hereinafter there will be at 95% c.l., unless otherwise expressed. These Tables differ for the cosmological scenario explored, respectively the ΛCDM+r, ΛCDM+r+N eff , wCDM+r.
If we compare Table 2 , where there are the contraints for this modified Hilltop inflation with p = 4, and the first 2 columns of Table 8 , where the are the constraints in the standard ΛCDM+r scenario, we have very robust constraints for all the cosmological parameters with no significant departure from their values with respect to the standard case.
Regarding the inflationary parameters that describe the theory analyzed here, we have an upper limit of the tensor-to-scalar ratio r, consistent with the ΛCDM+r value. We find for this model and Planck TT + lowP that r < 0.0902 c.l.. If we look at Fig. 4 , that shows the constraints at 68% and 95% confidence levels on the 10 12 V 0 /M 4 vs log(b) plane, we can see that there exists a lower limit for b > 8.7 × 10 6 GeV and V 0 < 11.3 × 10 −12 M 4 P for Planck TT+lowP. Moreover, by introducing a dark radiation component free to vary N eff in this modified Hilltop scenario with p = 4, we have very robust constraints for all the cosmological parameters, see Table 2 . 95% c.l. constraints on cosmological parameters in our baseline ΛCDM+r scenario from different combinations of datasets with a modified Hilltop inflation with p = 4.
model (see the columns 3 and 4 of Table 8 ). The reason why we are introducing this extra parameter is that in the minimal standard cosmological model or in other inflationary models (for example [22, 23] ), to let N eff free to vary produces a value for this neutrino effective number higher than its expected value 3.045 [24, 25] , and the shift of the parameters correlated [23, [26] [27] [28] [29] . In particular, it's interesting the shift towards higher values of the Hubble constant H 0 (see Fig. 5 ), that could help in solving the tension now at 3.8σ between the constraints coming from the Planck satellite [3, 18, 30] and the local measurements of the Hubble constant of Riess at al. [31] [32] [33] . In the modified Hilltop scenario, we find the same effect when just the PlanckTT+lowP is considered, and the tension on the Hubble constant becomes of 1.6σ. When introducing the polarization data, the tension with Planck is restored at 2.6σ. Regarding the inflationary parameters in this extended ΛCDM+r+N eff scenario, we still predict a tensor-to-scalar ratio consistent with zero, i.e. r < 0.126 for Planck TT+lowP. Moreover, b still has a lower limit, i.e. b > 5.1 × 10 6 GeV and V 0 < 15.9 × 10 −12 M 4 P , for Planck TT+lowP datasets, slightly stronger than before.
Finally, in Table 4 we show the contraints for the wCDM+r scenario, using the Hilltop inflationary model with p = 4, to test the modifications derived from quantum entanglement from this theory of the origin of the universe. In our modified Hilltop inflationary model, also by varying the equation of state of the dark energy, we find robust constraints for most of the cosmological parameters, which have no significant differences with respect to the standard wCDM model, as shown in the last two columns of Table 8 . Also in this case, the mainly reason for extending the baseline scenario is trying to solve the Hubble constant tension, adding a free dark energy equation of state. In fact, it is very well known the geometrical degeneracy existing between w and H 0 , that produces a very large shift of the Hubble constant, unconstrained in this scenario. Also in this modified Hilltop inflation with p = 4, as it has been shown by several authors [34] [35] [36] [37] [38] [39] [40] , the tension is solved with an equation of state w < −1. In fact, we have with Planck TTTEEE+lowP w = −1.58 +0.56 −0.45 and H 0 > 66 Km/s/Mpc, in complete agreement within 1σ with [32] . However, when we add the BAO dataset, we break Table 3 . 95% c.l. constraints on cosmological parameters in our baseline ΛCDM+r+N eff scenario from different combinations of datasets with a modified Hilltop inflation with p = 4.
their degeneracy and the dark energy equation of state recover the expected value w = −1, so a slightly tension at about 2σ reappears in the Hubble constant estimation. Regarding the inflationary parameters, again we find just un upper limit for the tensorto-scalar ratio, i.e. r < 0.135, and just a lower limit for the 'SUSY-breaking' scale associated with the landscape effects b, i.e. b > 9.3 × 10 6 GeV and V 0 < 17.1 × 10 −12 M 4 P for Planck TT+lowP.
If we look at the Figs. 6 and 7, we can see the temperature and polarization power spectra obtained with the best-fit of our modified Hilltop model with p = 4 and the best-fit of a minimal standard cosmological model ΛCDM+r, compared with Planck 2015 TT+lowP data: they are about indistinguishable, fitting the data in the same manner.
Results p = 6
The result of all the explorations assuming a modified Hilltop scenario with p = 6, are given in Tables 5, 6 and 7, where we report the constraints at 95% c.l. on the cosmological parameters, respectively for the ΛCDM+r, ΛCDM+r+N eff , wCDM+r models. If we compare Table 5 , where there are the contraints for this modified Hilltop inflation with p = 6, and the constraints obtained in Table 2 , where the are those for p = 4, we see a very large shift for most of the cosmological parameters. In particular, looking at PlanckTT+lowP we see an important shift of Ω c h 2 , τ and σ 8 at about 2σ towards lower values (see Fig. 8 ), and of H 0 of about 1σ towards a higher one. All these shifts are interesting because seem to go in the right direction for solving the several tensions we see in the cosmological data, between Table 4 . 95% c.l. constraints on cosmological parameters in our baseline wCDM+r scenario from different combinations of datasets with a modified Hilltop inflation with p = 4.
Planck and the other experiments. For example the well known degeneracy between the Planck satellite [3, 18, 30] and the local measurements of the Hubble constant of Riess at al. [31] [32] [33] , in this case decreased at 2.2σ. Moreover, the tension between Planck and the weak lensing experiments like the Canada France Hawaii Lensing Survey (CFHTLenS) [41, 42] , the Kilo Degree Survey of 450 deg 2 of imaging data (KiDS-450) [43] , and the Dark Energy Survey (DES) [44] , about the S 8 ≡ σ 8 Ω m /0.3 value. Thanks to the fact that both the matter density and the clustering parameter are going down in the modified Hilltop model, we find S 8 = 0.776 ± 0.027 at 68% c.l., reducing for example the tension with the value S 8 = 0.745 ± 0.039 at 68% c.l. measured by KiDS-450 [43] within 1σ, as we can see in [14] and released in the new Planck 2018 parameters paper [3] . Regarding the inflationary parameters that describe the theory analyzed here, we have now a prediction for the tensor-to-scalar ratio r different from zero at many standard deviations. We find for this model and Planck TT + lowP that r = 0.398 ± 0.065. If we look at Fig. 9 , that shows the constraints at 68% and 95% confidence levels on the 10 12 V 0 /M 4 vs log(b) plane, we can see that there exists a lower limit for b at b > 1.3 × 10 8 GeV stronger than the p = 4 case and V 0 = (48 ± 10) × 10 −12 M 4 P , shifted towards higher values with respect to the p = 4 case, for Planck TT+lowP. Finally, we pass from the detection of a Table 5 . 95% c.l. constraints on cosmological parameters in our baseline ΛCDM+r scenario from different combinations of datasets with a modified Hilltop inflation with p = 6.
value of λ hill = 0.303
−0.045 in Table 2 to just a lower limit λ hill > 0.951 in Table 5 , and from c hill = 0.0031 ± 0.0012 to c hill = 0.00178 +0.00095 −0.00098 for PlanckTT+lowP. The same conclusions arise by adding the polarization data of Planck at high-, the BAO data or by using the "tau055" prior, confirming the robustness of our results.
In addition, if we compare Table 6 , where there are the contraints for this modified Hilltop scenario with p = 6, by introducing a dark radiation component free to vary N eff , and the constraints obtained in the same scenario for p = 4 in Table 3 , we see a similar shift of the cosmological parameters than in the ΛCDM+r case. In particular, looking at PlanckTT+lowP we see a shift of Ω c h 2 , τ and σ 8 at about 1σ towards lower values, and of H 0 of more than 1σ towards a higher one, so always in the direction of solving the tensions between the different cosmological probes. In this case the Hubble constant tension is solved within 1σ, thank to the evidence for a dark radiation N ef f > 3.045 at about 3σ. On the contrary of what usually happens, this evidence is slightly reduced, but not disappears, even when we consider PlanckTTTEEE+lowP, see Fig. 11 . Therefore, also when the polarization of Planck is added, we can solve the disagreement on the Hubble constant between the CMB and the direct measurements by considering a dark radiation component, as we found also in [8] .
Regarding the inflationary parameters also in this ΛCDM+r+N eff model we have a prediction for the tensor-to-scalar ratio r different from zero: we find for Planck TT + lowP that r = 0.388
−0.061 . If we look at Fig. 11 , we can see that there exists a lower limit for b > 6.8 × 10 7 GeV and V 0 = (46 ± 10) × 10 −12 M 4 P for Planck TT+lowP. Finally, also when a dark radiation is included, we pass from the detection of a value of λ hill = 0.309
in Table 3 to just a lower limit λ hill > 0.937 in Table 6 , and we obtain a stronger upper bound on c hill < 0.00496 for ΛCDM+r, now c hill < 0.00127 for ΛCDM+r+N eff , considering PlanckTT+lowP.
When considering PlanckTTTEEE+lowP, the BAO data or the "tau055" prior, we can see that the results are really stable, so our conclusions are still valid.
Finally, in Table 7 there are the contraints for the wCDM+r scenario, by varying the Table 7 and the constraints obtained in the same scenario for p = 4 in Table 4 , we see a similar shift of the cosmological parameters than the previous cases. In particular, looking at PlanckTT+lowP we see a shift of Ω c h 2 and τ at about 1σ towards lower values, and of H 0 towards a higher one, while σ 8 is stable in this case. Also in this modified Hilltop inflation with p = 6, there is an indication for a dark energy equation of state w < −1 at about 3σ, that disappears completely when adding the BAO dataset, restoring the Hubble tension.
Regarding the inflationary parameters we have still prediction for the tensor-to-scalar ratio r, that is r = 0.400 +0.064 −0.061 for PlanckTT+lowP. Moreover, we find a lower limit for b at b > 7.1 × 10 7 GeV , stronger that the p = 4 case, and V 0 = (48 ± 10) × 10 −12 M 4 P for Planck TT+lowP. Finally, also when a constant dark energy equation of state is considered, we pass from the detection of a value of λ hill = 0.311 +0.088 −0.063 in Table 4 to just a lower limit λ hill > 0.947 in Table 7 , and we obtain a stronger bounds on c hill , that is c hill = 0.0029 as discussed before.
If we look at the Figs. 6 and 7, we can see the temperature and polarization power spectra obtained with the best-fit of our modified Hilltop model with p = 6 and the best-fit of a minimal standard cosmological model ΛCDM+r, compared with Planck 2015 TT+lowP data. Our modified Hilltop model fits better the temperature large scales, improving the agreement with the data.
Conclusions
The quantum landscape multiverse describes the emergence of the universe from a wavefunction on the landscape before inflation, to a present day classical universe. Other branches of the wavefunction, originating similarly to ours, are entangled with our universe. This quantum entanglement contributes as a second source a correction term in the gravitational potential of the universe, and it gives rise to modifications of the inflation potential and field evolution.
These modifications, first predicted in [5] and then [6] for concave potentials, produce a series of anomalies, such as a suppressed σ 8 , a giant void of size 200M pc, suppressed spectrum at low multipoles, and so on. Previously we checked the status of these predictions with Planck 2015 collaboration data for the exponential and Starobinsky type models of inflation in [7, 8] . Here we complete our analysis of the status of the predictions against data with the investigation of a class of concave potential models, the hilltop potentials.
We ran our analysis for the combined data sets, for the cases p = 4 and p = 6 of hilltop models. Both these models allow a range of b where the slow roll regime still holds, and all the predicted anomalies, including the giant void (cold spot)and the suppressed σ 8 , are in very good agreement with data.
Interestingly, the model of p = 6 hilltop inflation, goes beyond the agreement with the datasets for the spectrum and the confirmation of anomalies. This model also reduces the Table 6 . 95% c.l. constraints on cosmological parameters in our baseline ΛCDM+r+N eff scenario from different combinations of datasets with a modified Hilltop inflation with p = 6.
friction between the two major experiments on the value of the Hubble parameter: for p = 6 the friction on the Hubble parameter dissapears. Moreover, the S 8 values obtained is now perfectly consistent with the weak lensing experiments. While we are excited that the anomalies predicted in this theory are in good standing with data independently of the chosen inflationary model, nevertheless we are certainly not claiming that the p = 6 hilltop model including the entanglement corrections from the quantum landscape multiverse, is the only allowed model of inflation. However it is intriguing, and encouraging, that such an example where the anomalies are explained and the friction in the Hubble parameter and the S 8 value is removed, without introducing additional ingredients, does exist. 
